This paper introduces a novel numerical approach, object-oriented finite element (OOF) technique to incorporate the acquired nanocomposite morphological images into two-dimensional finite element modelling. The overall material behaviour can be reasonably well understood combining real data from microstructures with the fundamental material characteristics of constitutive phases. Morphological images, using both scanning electron microscope (SEM) and transmission electron microscope (TEM), are utilised to generate the geometric micro/nano structure.
INTRODUCTION
Due to excellent property enhancement and the versatile applications in automotive and packaging industries, polymer/clay nanocomposites are intensively researched as the innovative replacement of the conventional composite materials [1] [2] [3] [4] . Such nanocomposites can be ideally classified to be intercalated and/or exfoliated according to their different morphological structures. Nevertheless, in the real morphology, partially intercalated and exfoliated nanocomposites are normally formed, which creates a very complex heterogeneous material system. The irregular shapes and sizes of the dispersed clay platelets with the random orientation states are inevitably challenging to understand the relationship between the processing, the developed morphology and the resulting properties. Numerical modelling techniques such as molecular dynamic (MD) simulation and finite element method (FEM) have been found for decades to be more effective approaches compared to the analytical models. Since most nanocomposites contain the nanoscale fillers like carbon nanotubes, nanoclays and nanofibres, molecular dynamic simulation [5] [6] have been employed to accurately predict the properties of nanocomposites with the tedious computational efforts to scale up the time and the integrated length. Alternatively, representative volume elements (RVE) have been implemented with either wellaligned [7] [8] or Monte Carlo type randomly distributed [9] [10] [11] patterns, which might not represent the actual complex and highly heterogeneous nanocomposite structures.
Consequently, effective modelling and prediction of the mechanical properties of nanocomposites are still at infancy for the design and development of such highperformance materials to be used by the composites manufacturers and engineers.
In this study, a novel numerical approach Object-Oriented Finite Element (OOF) [12] [13] analysis is utilised by mapping the real micro/nano morphological images of PP/organoclay nanocomposites with clay contents varying between 1wt% and 10wt%.
Such morphological images are captured by two different microscopic techniques:
SEM and TEM analyses. The tensile moduli of nanocomposites are numerically predicted and subsequently compared with the tensile test data. Furthermore, the available composites models are used to compare the numerical approach developed in this study. Finally, the effect of particle distribution on the deformation behaviour is also evaluated through the tensile stress and elastic strain contours of such nanocomposites. (1:1 weight ratio) were melt compounded to make the masterbatch which were further let down into PP pellets to prepare nanocomposites with the clay contents of 1wt%, 3wt%, 5wt% and 10wt% (denoted as NC1, NC3, NC5 and NC10, respectively). The dried nanocomposite pellets were then injection moulded using a BOY 50A injection moulder to make the tensile specimens at a temperature profile of 190-210 o C and injection pressure of 70-80 bars. Neat PP was also processed in the identical conditions for comparison.
EXPERIMENTAL

Materials and Fabrication Process
Morphological Image Analysis
Morphological images were based on SEM and TEM analyses for the geometric information on nanocomposite structures. A Philips XL30S Field Emission Gun SEM machine was in operation at 5.0kV. Prior to the platinum sputter coating, SEM surfaces were generated by cryofracturing tensile specimens along the longitudinal direction for further OOF modelling work.
Similarly, TEM ultra thin film samples (nominal thickness: 70nm) was also crysectioned in the longitudinal direction using a Hitachi S-4700 ultramicrotome at - 
Tensile Testing
The tensile properties of the specimens were measured according to ASTM D638, using an Instron Universal Testing Machine 1185 with Bluehill 2 software. The chord tensile modulus (0.05~0.25% strain) and tensile strength at yield were determined at the corresponding crosshead speed of 5mm/min and 50mm/min. More than ten specimens were tested with the calculated mean values and standard deviations used in the final results.
2(l/t) for disk-like platelets where l, d, t are the length, diameter and thickness of the dispersed filler.
In fact, 2-D disk-like unidirectional clay platelets can make less contribution to modulus compared to 1-D fibre-like filler. Therefore, a modulus reduction factor (MRF) which is set to 0.66 [15] is introduced to modify Halpin-Tsai model as
Hui-Shia Model
Hui-Shia model [16] [17] is developed to predict the tensile moduli of composites including unidirectional aligned platelets with the simple assumption of perfect interfacial bonding between the polymer matrix and platelets, which can be expressed
where α is the inverse aspect ratio of the dispersed filler and α =t/l for disk-like platelets (α≤ 0.1). 
Voigt Upper Bound and Reuss Lower Bound
Conversely, when 0   , the Halpin-Tsai model equations reach the lower bound under equal stress (i.e. isostress approach), so-called Reuss inverse rule of mixtures (IROM) [19] :
Both Voigt and Reuss models provide initial estimates of the upper and lower bounds of the elasticity of multiphase composites with the only consideration of the filler volume fraction but irrespective of filler shape/geometry, orientation and spatial arrangement.
Elastic Properties of Effective Clay Particles
Since the formation of PP/clay nanocomposites normally contains the prevalent good clay intercalation instead of complete exfoliation in the dispersion state, the "effective particles" [10] for intercalated clay platelets can be simplified as the basic discrete elements in OOF modelling with the stacks of layer structures illustrated in Figs. 2(a) and (b) . Furthermore, such effective particles are approximated to be ideally isotropic homogenised particles characterised by the simple elastic modulus E p and Poisson's ratio ν p . Hence, their elastic modulus E p is estimated by the following rule of mixtures [20] [21] [22] : in a stack, the elastic modulus of exfoliated clay particles is much higher, which is assumed to be equal to that of muscovite (E p =178 GPa) [22] .
The Poisson's ratio of the intercalated clay platelets, also estimated in a similar way [10, 21] , can be calculated as
where Poisson's ratios ν MMT =0.20 [22] and ν gallery = 0.35-0.50 [21] . ν p = 0.26 is assigned due to the insensitivity of Poisson's ratio of the intercalated clay particles within the range 0.26-0.32 [21] .
OOF Modelling
A two-dimensional object-oriented finite element code OOF2 version 2.0.3 [12] , developed by the National Institute of Standards and Technology (NIST), USA was installed in a Fedora Red Hat Core 4 Linux system. All finite element analyses were conducted on a Dell INSPIRON 8600 laptop with the dual boot system of Windows XP and Linux using 1.6 GHz processors and 2 GB of RAM.
OOF2 can correlate the heterogeneous material structure based on the real images with the bulk physical properties. Furthermore, OOF2 normally deals with complex small scaled and disordered system and includes details of microstructures such as particle size, shape and real orientation [13] . In general, OOF modelling procedure, shown in Figure 3 , consists of six major steps: (1) capture the real image; (2) assemble the material properties for each constituents; (3) assign the material properties to the microstructure represented by groups of pixels; (4) generate the skeleton, only the geometry of FE mesh; (5) create FE mesh with boundary conditions and mathematical equations; (6) solve the models.
In this work, the computational tool OOF2 was used to predict the tensile moduli of PP/clay nanocomposites at various clay contents from 1wt% to 10wt%. Since nanocomposites stretched at small strains less than 1% are still subject to elastic deformations, both clay particles and PP matrix are assumed to be linear elastic materials with perfect interfacial bonding between the two constituents. The material properties of the constituents used for this study are listed in Table 1 . Typical OOF models of 5wt% filled nanocomposites based on respective SEM and TEM morphological images are demonstrated in Figure 4 . In terms of boundary conditions, as depicted in Figures 4(b) and (d), both X and Y displacements U x , U y on the left boundary are set to zero (i.e. fully constrained) and U x on the right boundary is equivalent to 0.05% and 0.25% tensile strain, respectively. The tensile modulus is calculated from the tensile stress resulting from the sum of forces applied on the right boundary. Unit thickness and plane stress conditions are assumed throughout this study of OOF modelling.
RESULTS AND DISCUSSION
Tensile Modulus
OOF modelling results based on SEM and TEM morphological images are demonstrated along with the experimental data and the theoretical composite models, and 10wt%, due to the non-uniform clay dispersion by initial pulse feeding and clay agglomeration, respectively [23, 24] .
OOF modelling results are also compared with theoretical composite models at two fixed aspect ratios (L/t=10 and L/t=100), the thresholds of intercalated and exfoliated structures [25] , respectively. It is suggested that a higher level of intercalation is more prevalent due to the much closer relationship of experimental and numerical results with the theoretical predictions at L/t=10. Furthermore, HuiShia model with L/t=10 gives the best agreement with the experimental data and OOF modelling (SEM) results, in comparison to original and modified Halpin-Tsai models.
This happens most likely due to the specific platelet geometry for fillers in Hui-Shia model. As expected, modified Halpin-Tsai model agrees slightly better than HalpinTsai model, fitting OOF modelling (TEM) results very well. Therefore, introducing an MRF of 0.66 [15] due to 2-D disk-like platelet geometry could be effective for the tensile modulus prediction of PP/clay nanocomposites.
Effect of Particle Distribution
In order to understand the deformation mechanism of PP/clay nanocomposites, stress contours (σ xx ) under a uniaxial applied strain of 0.25% in OOF modelling (SEM) work are demonstrated in Figure 6 , which contain different particle distributions resulting from varied clay contents between 1wt% and 10wt%. More evidently, higher stress has been observed within the clay particles or in PP matrix immediately adjacent to the particles, which reveals the classical shear lag mechanism of the load transfer from the matrix to the particles. Furthermore, less variation of the stress distribution takes place in 3wt% and 5wt% filled nanocomposites due to more uniform clay dispersion, Figures 6 (b) and (c). As expected, the stress concentrations appear at the sharp corners of clay particles along the axial loading direction. In addition, concentration of stress can also be seen in the clustered regions where the clay particles are close to each other. Typical region A in Figure 6 (d) shows a locally intensified maximum stress of over 0.29 GPa for the matrix between two large clay clusters. As a result, the matrix in the clustered regions tends to yield at much lower levels of the macroscopic applied stress, which can inevitably cause the onset of clay particle cracking, initiating the damage of nanocomposites [26, 27] .
The elastic strain contours are also shown in Figure 7 . Since the clay particles as platelet fillers are far more rigid than the PP matrix, the elastic strains become much lower inside the clay particles resulting in the most constraints of the matrix by the surrounding particles [27] . Similar to the stress contours, higher levels of elastic strain are detected around the sharp edges of the clay particles again parallel to the loading direction. The distribution of elastic strain in the homogeneous microstructures of 3% and 5wt% filled nanocomposites is much more uniform than that of the clustered microstructure of 10wt% filled nanocomposites. This finding, in view of the deformation mechanism, could explain the importance of clay dispersion in PP matrix as well as the adverse effects of the clay clusters in nanocomposites.
CONCLUSION
Object-oriented finite element analysis (OOF) has been successfully implemented to predict the tensile moduli of PP/clay nanocomposites and evaluate the particle distribution effect on the deformation mechanism under the linear elastic condition. OOF modelling results and experimental data show the predominant intercalated structures in the best agreement with Hui-Shia model (L/t=10). Both SEM and TEM morphological image approaches have been found effective in the tensile modulus prediction in spite of the relative overestimation in some cases while using TEM images due to the artefacts and phase distinction problem. The study of particle distribution in the microstructures establishes the importance of uniform clay particle dispersion, without which clay clusters could lead to the localised stress concentrations, thus making the nanocomposites more prone to failure. 
